High resolution topography, by involving Digital Terrain Models (DTMs) and further accurate techniques for a proper displacement identification, is a valuable tool for a good and reliable description of unstable slopes. By comparing multitemporal surveys, the geomorphology of a landslide may be analyzed as well as the changes over time, the volumes transportation and the boundaries evolution. Being aware that a single technique is not sufficient to perform a reliable and accurate survey, this paper discusses the use of multi-platform, multi-source and multi-scale observations (both in terms of spatial scale and time scale) for the study and monitoring of unstable slopes. The final purpose is to highlight and validate a methodology based on multiple sensors and data integration, useful to obtain a comprehensive GIS (Geographic Information System) which can successfully be used to manage natural disasters or to improve the knowledge of a specific phenomenon in order to prevent and mitigate the hydro-geological risk. The novelty of the present research lies in the spatial integration of multiple remote sensing techniques such as: integration of Airborne Laser Scanning (ALS) and Terrestrial Laser Scanning (TLS) to provide a comprehensive and accurate surface description (DTM) at a fixed epoch (spatial continuity); continuous monitoring by means of spatial integration of Automated Total Station (ATS) and GNSS (Global Navigation Satellite System) to provide accurate surface displacement identification (time continuity). Discussion makes reference to a rockslide located in the northern Apennines of Italy from 2010 to 2013.
INTRODUCTION
Since the structural mitigation of rockslides is complex and costly, risk mitigation is generally based on prevention (involving identification, mapping and differed-time monitoring) and forecasting (based on near-real-time monitoring). The present research focuses on unstable slopes, particularly rockslides, with the aim to exploit the multi-platform and multi-sensor approaches to investigate the phenomenon and improve the knowledge of its modifications, in order to detect displacements which might be responsible for instability. Shaded relief maps derived by High-Resolution Digital Terrain Models (HR-DTMs) are among the most efficient supporting tools for the identification and mapping of rockslides. Airborne Laser Scanning (ALS) can be used in conjunction with aerial-satellite photographs for improving rockslides inventories over wide areas [1] [2] while longrange Terrestrial Laser Scanning (TLS) can support precise mapping of geomorphological features of rockslides at the slope scale [3] [4] [5] [6] and the analysis of geomechanical characteristics of the rock involved [7] . Differential analysis of HR-DEMs is a possible alternative for differed-time and spatially-continuous rockslide monitoring. With a spatial resolution and accuracy in the order of some decimetres, ALS is probably the best option for analyzing large areas and for highlighting movements that cause elevation changes on the order of several decimetres to metres [8] . On the other hand, with a spatial resolution and accuracy in the order of some centimetres, TLS is potentially suitable for examining movements on the order of few centimetres only, which is the yearly displacement rate in many rockslides [9] [10] . However, differential analysis of TLS surveys (D-TLS) requires that several factors are considered and accounted for during surveying and processing [11] [12] . Moreover, the results must still be validated by independent data such as those obtained by GNSS (Global Navigation Satellite Systems) or ATS (Automated Total Station) monitoring systems [13] [14] that, together with GB SAR (Ground-Based Synthetic Aperture Radar) Interferometry [15] , are still the most reliable methods for rockslide monitoring in differed-time as well as in real time.
This paper deals with the most appropriate methodology for improving the knowledge of unstable slopes by means of LIDAR (LIght Detection And Ranging) technology with the aim to analyze both the processing and the integration strategies in order to propose a multi-platform/multi-sensor approach capable of providing the most reliable results. The reliability cannot be neglected, it is an essential key point to properly investigate a landslide and plan efficient and effective interventions to mitigate the risk. The final purpose of the research is twofold: 1. to highlight the success of a multi-platform approach based on the integration of ALS and TLS for improving and optimizing the geomorphology description; 2. to strengthens the idea that TLS has serious potentialities to be successfully used for analyzing instability by means of multi-temporal analysis confirmed by a multi-sensor approach.
The case study: Collagna landslide
The case study is the Collagna Landslide [16] that is located in the North Apennines (Reggio Emilia, Italy) on the right flank of Biola torrent ( Figure 1) . The large scale composite landslide area is made both by a wide rockslide sector ( Figure 1 , G1 and G2 sub-units) and a more limited earth slide sector (Figure 1, G3 ) that, after high precipitation rates, disrupted the National Road 63 in December 2008. An integrated monitoring system is installed since 2009 and comprises both point-based technologies such as extensometers, ATS (Figure 1b and c) and GNSS (Figure 1b and d) , and also area-based technologies such as ALS, long-range TLS ( Figure 1a ) and GB SAR. Six point clouds acquired in the last three years allow to identify the spatial changes of the whole slope, especially focusing on the rockslide sector G1. The most important aspect which contributes to highlight the significance of the work is the mean scanning distance, being about 1.2÷1.3 km. Few examples exist in literature about the use of very long-range TLS for displacements investigation. Figure 1 .The Collagna landslide case study and the surveying and monitoring system: a) terrestrial laser scanner Riegl LPM321 during survey field campaign; b) the master area with total station protected by the wooden house, meteorological station and GNSS installation pole; c) the automated total station during data acquisition; d) reference point for total station reflector and laser scanner target with the GNSS receiver for periodic control of stability. Table 2 for details on the ALS survey. The ALS raw data were filtered from the vegetation and then re-sampled in a grid of 25 cm. About 30 Ground Control Points (GCPs) were obtained by means of GNSS fast static surveys; the resulting coordinates were used for planimetric and altimetric validation of the DTM. The raw data were processed with respect to the ItalPos GNSS Permanent Network [17] in order to be referred to the national ETRF2000 reference frame [18] , as well as the DTM. The final planimetric and height accuracy of the whole DTM is believed to be respectively about 25 cm and 10 cm. (Figure 1b and c) . In the first, second, fourth and sixth campaigns a Riegl LPM321 (Figure 1a ) long-range laser scanner was used (up to 6 km operational range), while in the third and fifth ones a Riegl LMS-Z620 was adopted (up to 2 km operational range). TLS acquisitions have been carried out using maximum scan resolution. Relative accuracy of about 10 cm (95% confidence) is estimated at a distance of about 1.2 km. Such value depends on the technical characteristics of the least performant TLS device (see right Table 2 for technical details); this choice is intended to avoid underestimation of accuracy. The first and the second TLS surveys were carried out using a tripod.
THE MULTI-PLATFORM APPROACH FOR GEOMORPHOLOGY DESCRIPTION
Since the third one, TLS surveys were carried out by fixing the instrument to an aluminium pole which was permanently installed to the ground and accurately measured by a GNSS static survey. This assures that further TLS campaigns will have the same intrinsic reference frame origin and that rotation around the laser scanner vertical axis can be precisely reproduced by using a target scan for the backsighting orientation procedure [19] . The target used for this procedure (a white high-reflective paper square with sides of about 50 cm, see Figure 1d ) is installed in a stable position close to the point of acquisition (about 280 m away) in order to guarantee an effective recognition of the target centre. The pole coordinates are again referred to the national reference frame, ETRF2000.
Integrated Digital Terrain Model
The ALS survey of April 2010 was integrated with TLS survey of the same epoch for providing a HR-DTM to improve its resolution and accuracy in very steep or subvertical areas. The integration procedure comprised two steps: after the pre-registration of the two point clouds by means the manual selection of at least three homologous points, the alignment was improved with the ICP (Iterative Closest Point) algorithm [20] that achieved a final mean error of about 20 cm. It is worth to underline that the co-registration of the two point cloud is essential to the integration process because the ALS point cloud is referred to the ETRF2000 reference frame while the TLS one is referred to the instrumental centre at the moment of the survey. The integrated point cloud is shown in Figure 3 where the usefulness of the multi-platform approach is particularly evident: the terrestrial point cloud, indeed, perfectly matches with the empty or low resolution areas which were not properly covered by the airborne point cloud due to the difficulty of the laser beam to reach the ground. Thanks to the integration of the same technique by different platforms, a reliable and comprehensive point cloud was obtained, allowing to better describe the geomorphology of the investigated area. Once optimum co-registration was achieved, the point clouds were transformed into a surface in order to obtain the most reliable and effective DTM of the whole landslide. Two different integration strategy were tested. Firstly, the two point cloud were unified and the grid meshing algorithm [21] with a cell sample of 25cm was used to obtain the final DTM (Surfer software). The resulting surface was good enough but the description of the rock walls was not excellent because of the smoothing performed by the grid meshing algorithm, which selects a number of points required to build the cells (just the vertices of squared cells are chosen) and ignores the others. The second strategy is based on the Delaunay 2.5D triangulation approach [22] , provided by the JRC3D Reconstructor software. This algorithm requires choosing a specific point of view to create surfaces from the same perspective. The process creates a plane behind the point cloud and perpendicular to the line of sight onto which the points of the cloud will be projected. A bi-dimensional mesh is then created on that plane using the Delaunay 2D algorithm and the mesh vertices are projected back to their original 3D coordinates. Thus, this triangulation process is based on all acquired points and it is particularly useful for hole-filling in meshes and for inspection and volume comparison of distinct models, especially in this case where the object of interest has been acquired from one position only. This approach was then used just for specific analysis on the rockslide thanks to the detailed geomorphology description. The whole integrated DTM was built by means of the first strategy because the second one, by using all acquired points, provides an excessive number of cells, even where this was not essential. The final DTM is shown in Figure 4 , where some details highlight the good description of the geomorphology on G1 sector. In particular, the circles in left part of the Figure underlines two rock blocks which were completely absent in the ALS DTM, due to the vegetation filtering process [23] , while the integrated DTM is able to properly interpret all features thanks to a better point of view and a higher resolution.
THE MULTI-SENSOR APPROACH FOR SURFACE PROCESSES IDENTIFICATION

Data acquisition and processing
The Collagna landslide has been controlled by a continuous monitoring system since 2009. The master area is located in a geologically stable area in front of the landslide where an ATS is measuring several times per day all the prisms installed in each sector of the landslide. The ATS is covered by a wooden house in order to prevent from damages due to meteo conditions. A stable pole for periodic GNSS surveys and a meteorological station are also part of the master site together with the aluminum pole for TLS periodic campaigns (installed in March 2011). The multi-sensor approach was essential to investigate such a complex landslide, particularly the rockslide G1 sector. The expected displacements, indeed, are very small and the redundant approach, able to integrate the advantages of different surveying techniques, is crucial to overcome the critical aspects of the study. The master site is far from the rockslide and the atmospheric refraction plays a crucial role in the distance measurements provided by the ATS. The rigorous algorithm for atmospheric corrections, which requires the knowledge of pressure, humidity and temperature, is not implemented in the majority of commercial monitoring systems; thus, a meteorological station and a dedicated algorithm were implemented by Authors in order to correct slope distances given by the ATS and accordingly the results in order to provide the actual displacements detected for each prisms. Again the multi-sensor approach allows to obtain the most accurate and reliable information to study the phenomenon. The ATS provides an accurate but spatially discrete displacements, while sometimes a continuous description able to give a sort of displacement map would be more helpful. To address this aspect, periodic TLS surveys were carried out in order to obtain a continuous and detailed description of the geomorphology of G1 sector. Each point cloud is referred to a local reference frame depending on the instrumental position at the moment of data acquisition. The alignment process was performed in order to co-register all scans to the same reference frame, allowing by this way to perform comparisons between different epochs. Concerning the alignment process, the three following strategies were combined and adopted: − Homologous points identification: requires a number of points referred to the same object to be identified with no spatial ambiguity in subsequent point clouds (essential to compute transformation parameters). To test that approach, square reflecting targets (52 cm side) were installed in stable zones around the rockslide. − ICP: surface matching based on ICP requires the identification of surfaces that are stable in different TLS datasets, so that the points representing such a surface can be considered as references. The ICP is based on a priori estimation of the relative position between points in two separate datasets. For each point in the first dataset, the ICP searches for the closest corresponding point in the second dataset. Corresponding point pairs are then used to compute a new relative position between the two point clouds. This process is iteratively repeated until the relative position difference between the two datasets converges to a minimum. At the very beginning of the research, this approach was applied in the case study by considering the upper main scarp of the rockslide as a stable reference surface. Such an assumption was based on the evidence that ATS prism G1_01 in the upper main scarp showed, during 1.5 years of survey, slope distance values that varied only in relation to daily and seasonal temperature cycles. − Back-sighting orientation: if surveys are carried out from a fixed position, TLS point clouds have identical origin of reference frame and rotation around the laser scanner vertical axis can be quite easily defined using a target scan for the back-sighting orientation. The table in left Figure 5 provides details about each campaigns, the alignment strategy and the corresponding precision. The quality of co-registration between subsequent surveys, indeed, can be expressed by the mean error of surface matching.
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Methodology for multi-temporal analysis
Once the co-registration process was carried out, point clouds referred to subsequent epochs were available to be used for the identification of surface processes. Being conscious that long-range TLS is not a monitoring technique because of the impossibility to identify a punctual displacement due to the laser beam divergence (the longer the distance, the harder the difficulty), it can be successfully used to identify modification maps about the geomorphology changes occurred over time. When the entity of the modifications is higher than the alignment quality and in the order of the decimeter level, the resulting map can be considered a reliable information. Of course it depends on each single case study but generally speaking, such statement can be agreed. In order to compute the modification maps the following steps were carried out: − Meshing: after co-registration, point clouds were converted into surface meshes by the Delaunay 2.5D triangulation approach as described in the above paragraph 2.3. A bi-dimensional mesh was created using the plane perpendicular to the line of sight as projection plane. − Inspection: multi-temporal analysis was carried out by using inspection tools that compare surface meshes together with point clouds. Specifically, the distance between two subsequent meshes was computed along the direction that is normal to the infinitesimal plane generated around each point of the survey. The comparison was carried out both by JRC3D Reconstructor and CloudCompare softwares. The workflow of the whole methodology adopted for multi-temporal analysis is represented in right Figure 5. 
Surface processes identification and validation
The multi-temporal analysis, carried out over three years of studying the phenomenon, provides the modification map shown in Figure 6 where significant changes, occurred from April 2010 to April 2013, are highlighted. The rockslide shows a positive movement along the line of sight, meaning a significant advance of the rockslide, particularly concerning the west part of the upper main scarp and some blocks in the lower scarp. The movement values reach several decimeters, representing an important information to be seriously taken into account to deeply study the rockslide in order to prevent rock falls and the occurrence of further damages. The multi-temporal analysis with TLS datasets, when long distances (more than 1 km) are involved, was rarely adopted in literature because of the difficulties to precisely align the point clouds and the consequent ambiguity in identifying the corresponding portions when comparing surfaces related to different epochs. The novelty of the present research lies in the development of a methodology to successfully perform long-range TLS surveys, align and process the point clouds to obtain surfaces with the final aim to provide the modification maps of the phenomenon under investigation. The strategy is specifically addressed to multitemporal analysis. Once the resulting map was obtained, the validation of the implemented methodology was required before considering the modification map a reliable map ready to be used for studying the rockslide. The multi-sensor approach is at the basis of the validation process. The validation was carried out by comparing solutions obtained by long-range TLS together with solutions obtained by an independent technique, the ATS. As TLS was carried out from non-fixed then fixed positions located just a few meters from the ATS, the modification map resulting from multi-temporal analysis can be directly compared to ATS slope distance variations monitored in the same time interval in order to verify the reliability of movements detected by multi-temporal TLS. The validation was performed as described below: − Averaged (TLS) vs punctual (ATS) displacements: since it was impossible to select single points in long-range TLS datasets corresponding to ATS prisms (the centre of the prism cannot be determined precisely because of their high reflectivity, which creates a rim of reflective points around the prism that do not actually represent the prism itself but the neighbor environment), comparison between displacement map and ATS results was based on averaging displacement values of high reflective points visible around each prism. − The difference between the TLS-based movements and the ATS-based displacements, which are considered as reference values, was computed and the significance analysis allowed to evaluate the consistency of the proposed methodology and to verify whether the difference was significant or not. Differences within the uncertainty of TLS or ATS cannot be considered significant. Refer to Figure 7 for the location of prisms used in the validation process and to the table in Figure 7 for the differences between the two techniques. − The measured ATS slope distances were corrected for atmospheric refraction by applying the rigorous Barrel-Sears model [24] [25]. At 1.2 km distance, ATS measurements accuracy was estimated at about 4÷5 cm. − The uncertainty of TLS measurements is about 10 cm. Even if long distances are involved and the atmosphere influence should be taken into account, in relative terms the effect influences both point clouds in the same way if they are acquired in the same season. So, it is not significant to compute the atmospheric corrections for each point of a single point cloud. Furthermore, it was proved that these corrections can vary between +5 and +15 mm in spring over distances of about 1250 m. Those values are lower than long-range TLS accuracy. The significance of atmospheric corrections could become more relevant when multi-temporal TLS analysis have to be computed over different seasons. The rockslide, being monitored by ATS since 2009, shows velocities in the order of maximum 15 cm/year. Quantitative comparison between ATS and multi-temporal TLS displacements over three years time interval (April 2010 -April 2013 at ATS prisms location, shows differences ranging from 0.8 to 4.7 cm (table in Figure 7) . The highest values of displacement in the multi-temporal TLS map are reached in the lower-central and western-northern part of the rockslide (30 to 50 cm, Figure 6 ). Consistently, ATS prisms G1_03, G1_04 and G1_05 located in these areas moved from 30 to 33 cm (table in Figure 7) . Lower values of multi-temporal TLS, in the order of few cm only, are obtained for the upper part of the landslide (Figure 6 ). Consistently, ATS prism in this area moved a few cm only (see G1_01 in table of Figure 7) . Results in right Figure 7 allows to conclude that the developed methodology provides successful results: the modification map can be now considered, after the success of validation, a displacement map with the added value to be continuous and to spatially integrate the information given by the ATS (time continuity but spatial discontinuity). The multi-sensor approach is unavoidable because the ATS measurements are the only way to confirm the reliability of the multi-temporal analysis and the possibility to successfully use the long-range TLS displacement map. 
DISCUSSION AND CONCLUSIONS
This study shows the usefulness of the multi-platform approach when the geomorphology of the investigated phenomenon is complex. When stiff and vertical walls are involved, the ALS is not able to efficiently describe the actual geomorphology of the area. The research highlights the success of the integration of ALS with TLS, which is able to fill the holes left by the ALS, allowing an optimum reconstruction of the local geomorphology. Attention needs to be paid to the alignment strategy and to the meshing algorithms. Concerning the complex portions the multi-resolution strategy based on Delaunay 2.5D algorithm may provide the most reliable description of the geomorphology while the rest of the area may be described by grid mesh. This study also indicates that the multi-sensor approach is always a good choice thanks to complementary, redundancy and independency of measurements. The long-range multi-temporal TLS from non-fixed and fixed scanning positions can be efficiently used, alongside with ATS, for remotely monitoring rockslides. Co-registration of TLS surveys using surface matching supported by ATS monitoring data, proved to be a valid alternative to more consolidated homologous points identification approaches that are hardly applicable to long range datasets due to difficulties in the unambiguous identification of the centre of reflective targets. The refinement of TLS approaches makes multi-temporal long-range TLS a valid integration to traditional monitoring methods for rockslides analysis. GNSS and ATS, being able to provide precise measurements, are still the best choice for precise monitoring. However, they are limited in number of survey points, making it hard to reconstruct a spatially distributed displacement pattern, which is in turn defined with multitemporal TLS. Thus, TLS becomes a technique to be profitably integrated with GNSS/ATS monitoring systems.
Moreover, thanks to GNSS systems, results given by multiple sensors may be immediately geo-referenced and integrated in a GIS (Geographic Information System) to be analyzed in a comprehensive way; thus, allowing to improve the knowledge of the phenomenon and eventually to plan interventions for the risk mitigation. Concerning the Collagna rockslide, significant displacements were obtained over three years as also confirmed by the validation processes. Multi-temporal TLS from an operational distance of more than 1 km was successfully used to estimate movements of about several decimeters over three years. TLS resulting displacements proved consistent with independent ATS measurements. Due to spatially distributed results, multi-temporal TLS allowed assessing rotational and translational movements associated to back or forward tilting of rockslide elements, thus proficiently integrating point wise ATS information. This pinpoints the added value of laser scanning in unrevealing and quantifying complex and composite slope instability processes. The research clearly shows how multi-temporal TLS is a promising and useful technology for identifying movements of unstable slopes. Anyway strong attention should be paid to the alignment strategy and data processing in order to provide reliable displacement maps.
